Abstract
Introduction
Biogas is a renewable energy source that can be produced continuously from biomass (organic material), which is a living storage of solar energy through photosynthesis. Biogas is formed during the anaerobic breakdown of biomass by a group of microorganisms, which are metabolically active in humid conditions in the absence of oxygen [1] . Such a process is referred to as anaerobic digestion (AD). After AD the remaining product, called digestate, can be used as a source of fertiliser because of its high nutrient value. Biogas is generally a mixture of different gases, with methane being the largest constituent (50-75% by volume) followed by carbon dioxide (25-45% by volume), and other gaseous components (less than 7% by volume) [1] . Biogas with a methane content of 45% and higher is flammable and can be used to produce clean energy [1] .
South Africa is rich in agricultural feedlots, in particular cattle feedlots. Each feedlot is unique in terms of the quality and characteristics of the manure caused by different feeding operations.
There is also a difference in the composition between beef and dairy cattle manure. Fully grown cattle can produce an average of 20 kg of manure per head per day of which 4 kg is total solids (TS) and 2.6 kg of the fresh manure is volatile solids (VS). Cattle manure has the capacity to generate 200 to 500 litres of biogas per kg of dry manure depending on the process characteristics [2] .
The manure on cattle feedlots is scraped out of the stalls and piled on large heaps or placed in storage pits daily. It ranges from fresh manure to aged (or dried) manure. During storage, it undergoes some aerobic digestion and loses some of its energy content that can potentially be used to produce biogas. Fresh cattle manure already contains the anaerobic bacteria that produce biogas, as these are generated in the digestive tract of the animals. When the cattle manure is exposed to oxygen and fluctuations in temperature outside the animal digestive tract, the concentration of bacteria decreases as the fresh manure becomes drier. There is thus a difference between fresh cattle manure and aged cattle manure in terms of VS, TS, nutritional value and the anaerobic bacterial content that produces biogas. This leads to different biogas yields and qualities.
A method of estimating the conversion of biomass into usable energy is the biochemical methane potential (BMP) test, which determines the amount of stored energy that can be extracted from biomass in the form of methane gas [3] . The BMP test method suggests the addition of inoculants in the form of sewage sludge or rumen fluid, found in one of the four compartments of a cow's stomach, to speed up the AD process [4] . The ecosystems in the rumen fluid consists of the bacteria (10 10 -10 11 cells per ml) required for anaerobic digestion. The four anaerobic processes of hydrolysis, acidogenesis, acetogenesis and methanogenesis run simultaneously in the biogas digester. During the first step of hydrolysis, small amounts of biogas are formed, after which the biogas generation rate increases until it reaches its peak during the fourth step of methanogenesis [5] .
The VS is an important factor in determining the BMP of a particular type of biomass, as the VS is broken down to produce biogas. Triolo et al [6] developed an algorithm to predict the BMP and found that lignin concentration within the VS was the strongest predictor of BMP for animal manures. Their These studies showed that the lignin fraction could be used to predict the BMP for a combined model for animal manures with a correlation coefficient of 0.908. Amon et al [7] found that the manures with the higher crude protein (CP) levels gave higher methane yields during AD. The lignin and CP fractions are, consequently, important characteristics when analysing a particular biomass for AD.
The anaerobic microorganisms that produce biogas are sensitive to changes in operating conditions, which can affect their growth and activity. The important process variables of AD are temperature, pH levels, mixing, hydraulic retention time, concentration of microorganisms, volatile fatty acids, ammonia concentration and the specific surface area of biomass [1] . The optimum temperature to perform the BMP test under mesophilic conditions is 35 ºC [1] . This study gives an indication of the impact of manure aging on the economics of biogas production.
Methods

Manure sampling and analysis procedure
Cattle manure samples were collected from the cattle stalls at a beef cattle feedlot near Cullinan, Gauteng Province, early in the morning to ensure that the manure was as fresh as possible. Different subsamples were taken at random locations in the stalls to make up a good sample of fresh manure. The subsamples were mixed thoroughly in a 30 L container to achieve a homogeneous manure sample. The homogenised sample was then divided into subsamples and placed in transparent cylindrical containers of different height but with the same diameter of 90 mm. The drying characteristics of the manure were tested using containers of varying heights, while BMP testing was done on manure samples dried for varying times in containers of uniform height of 150 mm. For the drying test, the sampling containers had stack heights of respectively 50 mm, 100 mm, 150 mm (× 16 for BMP testing), 200 mm and 250 mm and were exposed to the open air outside (20 containers) during a winter period without rainfall. The corresponding volumes of the 50, 100, 150, 200 and 250 mm containers were 320, 640, 950, 1270, and 1590 ml respectively. Each sampling container was filled to the top with manure and had an accuracy of 5 mm with respect to the top end of the container. The samples were covered with a net to prevent insect contamination.
One fresh sample was kept as a control for fresh manure at -18 ºC to prevent microbial activity [8] . This sample was analysed for TS, VS and CP. A BMP test was performed on this sample as well as on the fresh unfrozen manure sample.
Each container was weighed prior to the drying process to determine the initial mass of the container. Some bacterial action during drying was observed. Duplicate 150 mm containers were removed and placed in the freezer at intervals of 4, 7, 11, 14, 21, 28, 35 and 40 days. At the end of the experimental period, one of each pair of samples was analysed for TS, VS and CP, while the other was analysed in the BMP test for biogas generation.
For the containers of varying height, the thickness of the dried manure layer at the top of the containers was then measured with a Vernier calliper through the transparent container wall. Weather data from the University of Pretoria weather station was recorded for the drying period and included the half hourly air temperature, relative humidity, wind speed, rainfall and barometric pressure. The samples were aged in close proximity to the weather station.
Prior to the start of the BMP test, all the frozen samples were left to defrost at room temperature indoors. Each sample was then diluted with distilled water to obtain a liquid mixture with a calculated TS concentration of 7%. The water added to the fresh, 4, 7, 11, 14, 21, 28, 35 and 40 days aged manure was 500, 505, 510, 530, 540, 560, 580, 590 and 620 ml, respectively. Eleven samples of manure were subjected to BMP test and comprised eight samples aged for a given time and then frozen, two non-aged samples (one frozen and one fresh) and a sample aged for 40 days but not frozen.
Methods for determining total solids, volatile solids and crude protein (nitrogen) of manure
The manure analysis was carried out in a laboratory at the University of Pretoria under controlled conditions. The TS percentage was determined by drying each sample in an oven at 135 ±2 °C until there was no further weight loss in the sample according to the AOAC Official Method 930.15 [9] . The VS percentage was determined by ashing the dried sample at 600 °C. The VS is the total dry sample mass less the mass of ash according to the AOAC Official Method 942.05 [9] .
The CP (nitrogen) content of the manure was determined using the Dumas method, according to the AOAC Official Method 968.06 [9] . The dried sample was ground to pass through a no. 30 sieve and stored in capped bottles. The nitrogen was measured with a Coleman model 29A nitrogen analyser that combusts the sample at 850-900 °C. Carbon dioxide is absorbed in potassium hydroxide and volume residual nitrogen is measured and converted to equivalent protein by a numerical factor of 6.25.
Experimental for the biochemical methane potential test
The experiments were conducted as described by Owen et al [10] , Hansen et al [11] and Esposito et al [12] . Duplicate tests were done on the 150 mm (9 frozen samples) stack-height manure samples, fresh manure sample (not frozen) and a sample aged to 40 days (not frozen) was analysed (11 different samples). Each sample was diluted with distilled water to achieve a calculated TS concentration of 7% and mixed thoroughly with a stick blender (Safeway, 200 W). Each 800 ml liquid sample was poured into a 1000 ml Duran GL45 laboratory glass bottle, while 50 ml of inoculant (rumen fluid collected from an experimental dairy farm at the University of Pretoria) was added to ensure that the anaerobic digestion process was initiated. A 20 ml of 2% sodium hydroxide concentration was added to each sample to obtain an initial pH of between 7 and 8 [13] , while the pH was measured before and after the BMP test. A control sample containing only 50 ml inoculant and 800 ml distilled water was also prepared. Each reactor bottle was flushed with nitrogen gas while being closed with an airtight sealing lid (Duran GL45 screw cap with two hose connectors) to ensure anaerobic conditions.
The reactor bottles were placed in a temperature controlled water bath at 35±1 °C and manually shaken gently at daily intervals to promote the release of biogas. Each bottle was connected to a manometer-type gas-measuring tube and the daily biogas formation was measured, until there was no visible gas formation after 40 days of AD. Measurements taken included:
• volume of gas formed in each reactor vessel (daily); • ambient temperature and pressure (daily); • methane and carbon dioxide content (twice a week); • the pH of each reactor vessel (before and after the BMP test); and • the weight of each reactor vessel (before and after the BMP test).
The biogas evolution was determined as a function of time to determine the optimum design point for biogas digester designers, which is the time required for the manure to produce 80% of maximum biogas [14] .
Biogas analysis for methane and carbon dioxide content
Biogas methane and carbon dioxide contents were determined twice a week on each reactor using an SRI 8610C gas chromatograph with an Haysep D column and flame ionisation detection and electron capture detection, with nitrogen as a carrier gas. Calibration was done using standard methane concentrations of 100, 300 and 10 000 ppm respectively and 500 ppm carbon dioxide gas.
Results and discussion
Manure drying front and water loss
The manure dried downward and inward towards the centre of the container as water evaporated. During the drying period, gas pockets formed in the wet part of the manure, indicating gas formation during drying and aging. Mass loss associated with gas formation was also measured. Figure 1 shows the thickness of the dry layer as a function of time for each container depth tested. The drying mechanism can be described by diffusion, liquid/vapour diffusion and capillary action within the porous region of the manure. Drying of agricultural products can be described by typical drying curves that illustrate the temperature, drying rate and moisture ratios as a function of time. These curves are divided into the constant rate, first falling rate and second falling rate periods as a function of time [15] . The nature of the manure and the moisture content determine the rate of diffusion through the porous media represented by the manure. The drying mechanism can, however, change with changing physical structure of the manure as it dries.
The 50 mm container lost no further mass after 14 days of exposure. The 100, 150, 200 and 250 mm high containers showed a constant rate of moisture loss. This is an indication that the rate-controlling mechanism is diffusion of moisture from the remaining wet manure, rather than diffusion through the dry layer.
After 40 days of aging the manure in the open air, the 50, 100, 150, 200 and 250 mm containers had a manure dry layer thickness of 22, 55, 61, 62 and 68 mm respectively. The 50 mm container had a dry layer thickness of 22 mm as well as empty space (28 mm) as the manure shrunk. The water loss for the different cylinder heights is illustrated in Figure 2 in terms of weight percentage lost.
The drying of the 100, 150, 200 and 250 mm containers followed the constant rate curves. After 14 days of drying, the 50 mm container started to move to the first falling rate period when the moisture content decreased to its critical moisture content (where the constant rate ends) and there was little further water loss. Figure 3 indicates the average 24-hour profile of the air temperature and the relative humidity at the sample location. The drying process took place during winter -21 July 2015 to 01 September 2015. During this period the air temperature reached a daily minimum of 11 °C and a daily maximum of 23 °C on average. The relative humidity ranged from 25 to 58% on average. No rainfall was recorded for the period.
Total solids, volatile solids and crude protein of manure in manure samples
The TS and VS were plotted as a function of the number of days for which the manure sample was aged, as indicated in Figure 4 . Linear regression was applied through the data points with a trend line showing the linear correlation between the different data points. The trend lines show a slightly negative slope of -0.21 and -0.18 for both the TS and VS respectively, but with correlation coefficients of only 0.30 and 0.35 respectively. It is unclear whether the reduction is due to drying of the manure or to aging of the remaining wet manure, as the samples used for analysis consisted of a mixture of dry and wet manure when the sample was homogenised before the BMP test. The nitrogen and CP contents of all the samples were, however, almost constant at averages of 2.5 and 15.5% respectively. Table 1 presents the composition of the samples from the 150 mm containers used for the BMP tests. The first column also distinguishes between samples that were frozen and those that were not. The fresh manure sample did not experience water loss and was used as a control.
Biogas produced: Biochemical methane potential results
The fresh manure that was not frozen and the manure aged to 40 days and not frozen were both seeded with different rumen sources. The frozen manure samples were all seeded with the same rumen source. Three rumen sources taken on different days were, therefore, used to seed the digester bottles with anaerobic bacteria to speed up the AD process. The fresh manure sample that was not frozen was initially digested for 85 days and showed no measurable gas formation after 41 days. It was, therefore, decided to end the BMP test after 41 days for all the other samples. It was also observed that most of the biogas was produced within the first five days after the start of the BMP test.
The different manure samples were analysed for the AD process performance in terms of accumulated biogas volume produced and the methane and carbon dioxide contents. The biogas produced by pure rumen samples was then deducted from the accumulated average biogas formation of each sample to determine net gas yield.
In Figure 5 the net total gas generated as well as the methane and carbon dioxide volumes for all the samples of manure after 41 days of AD is shown as a function of the manure age. The total methane volumes increased for the samples after the 21 days aging, whereas the total carbon dioxide volumes remained more or less constant.
In Table 2 the accumulated biogas volumes as well as the total methane and carbon dioxide volumes are shown for all the samples. The table also shows the total methane and carbon dioxide as a percentage and the time required for the sample to produce 80% of its maximum biogas (t 80% ) over the 41 days of each sample [14] . The t 80% is used as an indication of the evolution of biogas formation over a specific time period. The range (maximum biogas-minimum biogas) is expressed as a percentage of the average of the duplicate digesters. The considerable range for some of the samples may explain the lack of a clear trend in Figure 5 . Table 3 gives the accumulated biogas volumes and composition of the gas for the rumen samples that were used in the AD process after 41 days.
The gas formation of the three different rumen samples was also monitored for 41 days and showed no measurable gas formation after 41 days of AD. The initial pH for the BMP tests was 7.0 and this reduced to 5.5 after 41 days. An average of 5 g in weight of the digester mass was lost after the BMP test and this weight loss was also an indication of the VS that was converted into biogas.
The aged (41 days) and fresh manure that were not frozen produced approximately similar biogas volumes. Some of the frozen samples of manure produced significantly higher volumes than those that were not frozen, the average of all the samples with freezing being 240 Nml/g VS. It is assumed that the freezing process broke down the cell walls of the manure to allow easier conversion of the VS and, as the freezing of manure as a pre-treatment on industrial scale would require a high energy input, this aspect was not investigated further.
The experimentally determined rate of biogas production correlated closely to the Gompertz equation as described by Budiyono et al [16] . The correlation coefficient between the experimentally determined biogas production rate and the Gompertz equation biogas production rate ranges between 0.98 and 0.99 for all the differently aged manure samples.
Conclusions
There was no significant difference in the biogas production nor biogas production rate for cattle feedlot manure from fresh up until aging to 41 days. The aging of cattle feedlot manure has major positive implications for the handling and pre-processing of manure from cattle feedlots as it relates to designing biogas production processes.
